Solution combustion synthesized hole transport layer (HTL) of spinel nickel cobaltite (NiCo2O4) incorporating 3% Cu -2% Li were fabricated using doctor-blading technique for planar inverted perovskite solar cells (PVSCs). PVSCs incorporating 3% Cu -2% Li-doped NiCo2O4 shown an increase in Jsc and Voc device performance parameters compared to unmodified NiCo2O4, leading to PCE of 16.5%. X-ray photoelectron spectroscopy measurements revealed the tendency of Cu cations to replace preferably the surface Ni atoms changing the surface stoichiometry of NiCo2O4 inducing a cathodic polarization. Ultraviolet photoelectron spectroscopy measurements unveiled the increase of the ionization potential by 0.1 eV for co-doped NiCo2O4 film compare to unmodified NiCo2O4-based HTL. We attribute the enhanced PCE of inverted PVSCs presented due to improved hole extraction properties of 3% Cu -2% Li NiCo2O4 HTL. X-ray photoelectron spectroscopy (XPS) investigation on co-doped NiCo2O4-HTL showed a decrease on the Ni/Co atomic ratio compared to unmodified NiCo2O4-HTL, indicating the preferable surface substitution of nickel by copper cations which has been previously reported that it induces a cathodic polarization. 54 As a result, an increase of the ionization potential by 0.1 eV was observed for 3% Cu -2% Li NiCo2O4-HTLs compare to stoichiometric NiCo2O4-HTL using ultraviolet photoelectron spectroscopy (UPS). The increased performance of the reported PVSCs could be attributed to the cathodic polarization potential and thus better hole collection efficient of the 3% Cu -2% Li NiCo2O4 layer.
Perovskite solar cells have amazed with an incredibly fast power conversion efficiency (PCE) improvement, going from 3.8% in 2009 1 to over 20% in 2018. 2-5 A lot of parameters have been investigated to increase the performance and reliability of the devices such as the element composition [6] [7] [8] [9] [10] [11] and preparation method of perovskite [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , device configuration [22] [23] [24] [25] [26] , materials and preparation conditions of hole/electron transporting layers [27] [28] [29] [30] [31] [32] [33] .
Regarding the investigation of functional hole transporting layers (HTLs), a wide variety of organic and inorganic materials have been implemented to improve hole extraction, with some of the latter's advantage to be the wide optical band gap (thus high transparency in the visible range) and superior hole mobility, while they can be solution processed. Some promising inorganic HTLs are NiOx, 34 Cu:NiOx [35] [36] [37] , CuOx [38] [39] [40] , CuI 41 , CuSCN, 42 CuGaO2, 43 CuCrO2 44 . Recently, we have reported combustion synthesis of monodispersed spinel NiCo2O4 nanoparticles of ~4 nm diameter forming a compact layer with electrical conductivity of ~4 S/cm. The developed films were applied as an efficient and reliable HTL for inverted structure perovskite solar cells (PVSCs) using 230 nm thick perovskite layer. 45 In order to increase the PCE of the devices a thicker perovskite layer is needed. The enhancement in light absorption leads to an increase in photogenerated carriers which accumulate at the perovskite/HTL interface (accumulation zone) and subsequently collected by the contact 46 . Thus, HTL with enhanced hole collection capability are required to increase the PCE. A common method to enhance HTL charge collection efficiency is by incorporation of intentional defects through extrinsic doping. This process can induce a higher electrical conductivity as well as better energy level alignment of HTL with the perovskite active layer. [47] [48] [49] [50] [51] For example, recently a co-doping strategy of NiOx with Cu/Li or Li/Mg elements has been successfully applied to enhance the PCE of PVSC. 52, 53 In this paper, we report the use of solution combustion synthesized NiCo2O4 codoped with 3 mol% Cu and 2 mol% Li (3% Cu -2% Li) as efficient HTL to increase the performance of inverted PVSCs. Initially, NiCo2O4 film doped with 5 mol% Cu was incorporated as HTL in PVSC exhibiting an increased Voc. However, the Jsc of the corresponding PVSC has declined significantly compare to unmodified NiCo2O4-based PVSC due to lower electrical conductivity. We show that an increase in the electrical conductivity can be achieved, by 3% Cu and 2% Li co-doping of the NiCo2O4-HTL resulting in PVSCs with enhancement on both Voc and Jsc compare to NiCo2O4-HTL based PVSCs.
X-ray photoelectron spectroscopy (XPS) investigation on co-doped NiCo2O4-HTL showed a decrease on the Ni/Co atomic ratio compared to unmodified NiCo2O4-HTL, indicating the preferable surface substitution of nickel by copper cations which has been previously reported that it induces a cathodic polarization. 54 As a result, an increase of the ionization potential by 0.1 eV was observed for 3% Cu -2% Li NiCo2O4-HTLs compare to stoichiometric NiCo2O4-HTL using ultraviolet photoelectron spectroscopy (UPS). The increased performance of the reported PVSCs could be attributed to the cathodic polarization potential and thus better hole collection efficient of the 3% Cu -2% Li NiCo2O4 layer.
The PVSCs under investigation were prepared on top of glass/Indium Tin Oxide (ITO)/NiCo2O4 for the different doping types processed as described in detail at the supplementary section. The perovskite solution was prepared 30 min prior spin coating by mixing Pb(CH3CO2)2.3H2O:methylamonium iodide (1:3) at 40 wt% in dimethylformamide (DMF) with the addition of 1.5% mole of MABr (methylammonium bromide). Briefly, ~350 nm perovskite active layer was spin-coated on top of each substrate followed by 50 nm spin-coated PC70BM (serving as the electron selective contact) and 100 nm thermally deposited Al. More details for the materials and processing conditions can be found within the supplementary section. shunting current). Fig. S2 and Fig. S3 illustrates the AFM topography images of (a) 5%
Cu and (b) 3% Cu -2% Li NiCo2O4 films fabricated on quartz and glass/ITO substrates, while Fig. S3(c) illustrates the topography of the ITO underlayer. In both cases the films exhibit similar roughness between them ( 0.7 -0.8 nm for quartz and 2.9 -3.0 nm for glass/ITO substrate) comparable to the ones measured for the pristine NiCo2O4 films, affirming the similar quality of different types of NiCo2O4 films. 45 Thus, electrical characterization of PVSC were performed using Electro impedance spectroscopy (EIS) measurements under illumination and zero bias on the previous inset)]compare to both unmodified and 5% Cu-doped NiCo2O4-HTL based PVSCs due to higher electrical conductivity of the 3% Cu -2% Li NiCo2O4 layer, as it was also confirmed by four point probe conductivity measurements summarized within Additional Mott-Schottky ( Fig. 1(d) ) measurements were carried out on devices sweeping from higher to lower voltage under dark conditions. The crossing of the curves at 1/C 2 = 0 is attributed to the flat band potential of the device. PVSCs under study comprise similar morphology within the active layer. Moreover, Voc -light intensity measurements were performed to investigate the recombination mechanism within PVSCs under study. According to simplified Shockley Reed Hall recombination model, the slope between logarithmic light intensity and Voc must be equal to 2kT/q for trap-assisted and kT/q for trap-free recombination [60] [61] [62] [63] [64] . As shown in Fig.2(a) , the Voc -light intensity curves scale equal to kT/q, implying that a trap-free recombination mechanism is dominant for all the PVSCs within this paper. Thus, steady state photoluminescence (PL) measurements (Fig.2(b) ) are adequate to evaluate the degree of charge recombination at each configuration. The PL intensity for undoped NiCo2O4-HTL is much higher compared to 3% Cu -2% Li NiCo2O4-HTL, implying that a much higher number of electron-hole pairs recombine for the case of the undoped HTL justifying the lower PCE of the corresponding undoped NiCo2O4-HTL based
PVSCs. The experimental results presented indicate that 3% Cu -2% Li NiCo2O4 HTL transfers and collects hole charges more efficient than the undoped NiCo2O4 HTL.
A deeper material properties and device physics investigation was performed to better understand the origin of the enhanced hole collection properties for 3% Cu -2% Li
NiCo2O4. Structural characterization with X-ray diffraction (XRD) on the corresponding NiCo2O4 samples (Fig.S6 ) matched the cubic face-centered lattice structure of NiCo2O4 (PDF#20-0781), implying single-crystalline structure. X-ray photoelectron spectroscopy (XPS) measurements were also performed on doped and undoped NiCo2O4 HTLs. The Co 2p spectrum (Fig.S7 ) was best fitted by using two spin-orbit doublets for the tetrahedral Co +2 and octahedral Co +3 oxidation states and with two shake-up satellites located at the higher binding energy (BE) side of the main peaks. The peak located around 779.7 eV can be attributed to the octahedral Co +3 observed in Co3O4, 65 while the higher binging energy peak around 780.9 eV can be assigned to the tetrahedral Co +2 similar to CoO. 66 The spectrum of the Ni 2p3/2 region was fitted using three components (Fig. S8) . The peak at 854.3 eV corresponds to Ni +2 ions, while that at 856.0 eV is attributed to Ni +3 . 65, 67 The shake-up satellite at around 861.8 eV was fitted considering one broad line. For Cu doped films the Cu 2p spectra were recoded and are displayed in Fig. S9 . The Cu 2p doublet is well resolved. The Cu 2p3/2 peak at 934.6 eV and the satellite at higher binding energies indicate that Cu is oxidized and can be identified as Cu +2 ions in octahedral coordination. 54, 67, 68 The intensity of Cu 2p3/2 peak for the 3% Cu -2% Li NiCo2O4 is low and the satellite structure is not resolved. Nevertheless, the peak is located at BEs around 934. Additional ultraviolet photoelectron spectroscopy (UPS) measurements were also performed on doped and undoped NiCo2O4 films to determine the energy levels. 
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Supplementary information includes details for the proposed hole transporting layer materials, processing of perovskite films and fabrication of perovskite devices.
Additional information for materials optical characterization, surface topography, XRD and UPS/XPS measurements and analysis of the experimental results is included. 
